Critical heat flux (CHF) is an important topic in the field of boiling. The hydrodynamic theory of CHF proposed by
INTRODUCTION
Boiling is a very complex and illusive process because of the interrelation of numerous factors and effects such as the nucleate process, the growth of the bubbles, the interaction between the heater surface and the liquid and vapor, the evaporation process at the liquid-vapor interface, and the transport of vapor and hot liquid away from the heater surface. It is generally assumed that heat and mass transport in the pool-boiling process is strongly influenced by buoyancy, which is caused by the great difference in the densities between liquid and vapor in normal gravity environments. Thus, gravity is considered an important parameter in most physically based or empirical correlations describing the heat transfer of pool boiling, such as in the so-called Zuber-Kutateladze correlation of critical heat flux (CHF):
(1)
where Ku is often referred to as the Kutateladze number; q CHF is the critical heat flux; and h lv , g, σ, ρ v , and ρ l denote the specific latent heat, gravity, surface tension, and densities of the vapor and liquid phases, respectively. Equation (1) is named in honor of S. S. Kutateladze, who proposed the hydrodynamic theory of CHF (Kutateladze, 1959) , and N. Zuber, who later provided a theoretical justification of the hydrodynamic theory (Zuber, 1959) . Several other approaches, such as the bubble coalescence model (Rohsenow and Griffith, 1956) , the macrolayer theory (Haramura and Katto, 1983) , the hot spot theory (Unal et al., 1992) , and the dynamic microlayer theory (Zhao et al., 2002) , have been proposed to interpret the CHF phenomenon. Regardless of modeling approaches, experimental data on CHF in saturated pool boiling have been correlated in the Zuber-Kutateladze form.
Generally, if the heater is large with respect to the Taylor wavelength, Ku is a constant. For small heaters, Ku may be a function of Bond number, which scales buoyancy and capillary forces:
Pool boiling on cylinders has been extensively studied in the literature. A nontrivial dependence of CHF on cylinder diameter has been reported. As shown in Fig. 1 , different regions are identified with the dimensionless radius-that is, the square root of the Bond number:
where R denotes the radius of the cylinder. Different values for the boundaries between adjacent regions have also been reported ( Table 1) that exhibit an obvious divergence.
In Range IV with a larger Bond number (R > R 3 ), the so-called Lienhard-Dhir-Zuber correlation (Lienhard and Dhir, 1973 ) is commonly accepted:
FIG. 1:
CHF scaling in pool boiling on cylinders. Fujita and Bai (1996) -0.03 0.5
An alternate correlation was proposed by Sun and Lienhard (1970) :
which is almost as satisfactory. In deriving Eq. (5), a hydrodynamic CHF mechanism was presumed, seeking the onset of the instability of vapor jets of radius R + δ. The parameter δ, corresponding to a vapor blanket thickness, was estimated by empirical interpolation of a great number of experimental data. A slight modification of the Sun-Lienhard correlation was proposed by Hong et al. (1993) :
For small Bond numbers (R < R 3 ), the scattering of the experimental CHF data is too high, allowing Lienhard and Dhir (1973) to claim that they can no longer be correlated by R alone in this range. Based on hydrodynamic theory, Mohan Rao and Andrews (1976) proposed a semiempirical correlation for CHF in Range III (R 2 < R < R 3 ):
where the empirical parameter c is a constant that takes into account the thickness of the so-called vapor blanket around the heater and is determined experimentally. A range from 1 to 1.5 was proposed for the value of c. In Range II (R 1 < R < R 2 ), assuming that there is no difference between the minimum heat flux of film boiling (MHF) and CHF, Mohan Rao and Andrews (1976) also proposed a semiempirical correlation for CHF in this range based on hydrodynamic theory:
The hydrodynamics mechanism, however, is generally agreed to be well established only for R > 0.15. The boiling transition in Range II (R 1 < R < R 2 ) is triggered locally by an isolated bubble spreading as a patch. In other words, CHF is caused by the so-called local dryout mechanism. The surface effects, rather than hydrodynamics, thus seem to control the phenomenon. The material parameters of the heater and the working fluid, as well as the heater surface condition and so on, may play important roles in this range. In subcooled pool boiling, CHF increases with the subcooling because of the condensation of vapor when it directly contacts the subcooled bulk liquid far away from the heated surface, as well as the enhanced convection caused by the larger temperature difference between the subcooled bulk liquid and the heated surface. Usually, the influence of subcooling on CHF is considered an independent factor with respect to heater size, and a linear relationship between CHF and the subcooling is adopted, at least for the case of small subcooling:
where Ja = c p,
v α l is the Peclet number. The values of the empirical parameters C, m, and n in some common correlations and their applicable ranges in terms of pressure p and subcooling ∆T sub are listed in Table 2 . You et al. (1994) found that subcooling can change the CHF mechanism from dryout to hydrodynamic in the case of a small Bond number, which agrees with the early observation by Kutateladze (1982) , who pointed out that the increasing trend with the decrease in R cannot alter for R < 0.5, provided (ρ v /ρ l ) 1/4 Ja ≥ 18 (Fig. 2 ). Fukuda and Sakurai (2002) also proposed a correlation to take into account the interaction of subcooling and heater size for the case of small values of R :
These researchers claimed that the correlation can only be applied for pressure no more than 300 kPa or for subcooling no higher than approximately 40 K, where the boiling transition results from hydrodynamic instability. A more complex relationship between CHF and subcooling was observed in the case of high subcooling (Elkassabgi and Lienhard, 1988; Fukuda and Sakurai, 2002) , but is not within the scope of the present work. As mentioned previously, gravity is often considered an important parameter in the correlations of CHF. However, for quite a long time there was no way to experimentally check whether its influence was modeled correctly or not. At the end of 1950s, experimental research on pool boiling in microgravity was first presented by Siegel and Usiskin (1959) . From then on, gravity's influence on boiling heat transfer could be studied directly by separating it from other gravity-independent factors. In the past decades, there have been several experiments on pool boiling CHF on cylinders in microgravity, using parabolic aircraft, drop towers, sounding rockets, and the space shuttle (Siegel and Usiskin, 1959; Di Marco and Grassi, 1999; Shatto and Peterson, 1999; Straub, 2001; Wan and Zhao, 2008) . The available experimental data are summarized in Fig. 3 (Wan and Zhao, 2008) , which shows that the data on CHF on cylinders in microgravity exhibit the same trend as predicted by the Lienhard-Dhir-Zuber correlation, although the dimensionless radius or, equivalently, the square root of the Bond number, is extended over two orders of magnitude of the correlation's original lower value. This is a strong challenge to the commonly accepted figure for CHF scaling in the literature, which is built on experimental data obtained in normal gravity. Furthermore, comparing the trend of CHF with the common view of CHF scaling , it can be inferred, as pointed out by Di Marco and Grassi (1999) , that the dimensionless radius R or, equivalently, the Bond number Bo, may not adequately scale the effects and thus separate groups containing gravity because of the competition of different mechanisms for small cylinder heaters. Zhao et al. (2008b) introduced a parameter, the limited nucleate size, d LN , and a new dimensionless coefficient, Γ = d LN /d wire , to interpret this phenomenon. It was assumed that the limited nucleate size is dependent not on gravity but on the other parameters of the boiling system, such as the material parameters of the heater and the working fluid, the heater surface condition, and so on. If Γ is small enough, the initial vapor bubbles will be much smaller than the heater surface and so CHF will be caused by hydrodynamic instability. In contrast, CHF will be caused by local dryout if Γ is so large that the initial bubble is larger than the wire diameter, d wire , and may easily encircle the heater.
A new series of experimental data of CHF on cylinders in normal gravity are presented and discussed in the present paper, particularly focusing on CHF scaling on small cylinders with very small Bond numbers. The aim is to reveal the influences of subcooling and cylinder diameter on CHF.
EXPERIMENTAL SETUP AND PROCEDURE
The experimental setup is shown schematically in Fig. 4 . A detailed description of the experimental facility is provided in Zhao et al. (2010) .
The boiling chamber, with an inner diameter of 89 mm and a height of 150 mm, is filled with approximately 1.2 L of degassed working liquid. A condenser is connected to the chamber to maintain a constant system pressure, particularly in the saturated cases. The system pressure is kept at 0.1 MPa with an uncertainty of no more than 0.5 kPa. A constant-temperature water bath is used to control the liquid subcooling. The water temperature is measured by a mercury thermometer with an uncertainty of 0.1 K.
Platinum wires of approximately 30 mm in length are used as the heating element. Three diameters-25, 60, and 100 µm-are used. The ends of the wire are soldered with copper poles of 3 mm in diameter to provide a firm support for the wire heater and low resistance paths for the electric current. A DC power supply provides the heating power. The heating current is measured by the voltage across the precision resistance R with a value of 0.02 Ω and an uncertainty of 1% of its value; the voltage is measured directly across the two poles. Two 6.5-digit multimeters are used to sample the voltages. The heater temperature is calculated using the precalibrated curve of relation between the resistance and the temperature of the wire. The calibration is repeated after several runs. It is estimated that the uncertainty of the heater temperature is no mare than 3 K and the uncertainty of the heat flux is less than 20 kW/m 2 . The measured data points obtained from several preliminary runs for single-phase convection are in the range of ±30% around the prediction according to the commonly accepted Kuehn-Goldstein correlation (Kuehn and Goldstein, 1976) , which guarantees the correctness of the present experimental data (Zhao et al., 2010) .
The following degassing procedure is adopted. Before the boiling experiments begin, the working liquid inside the boiling chamber is heated slightly above its boiling point, and this temperature is maintained for approximately 1.5 hours. Then the liquid is cooled to the ambient temperature. This procedure is repeated six to nine times to remove the gas dissolved in the liquid.
Before each experimental run, the boiling chamber is preheated by a water bath for more than 1.5 hours to ensure a uniform temperature distribution inside the chamber. The heating voltage is then adjusted to increase step by step until film boiling appears. Then the voltage is adjusted to decrease step by step until no bubbles can be observed. Sometimes, a decrease adjustment is cut off in the nucleate boiling region and an increase adjustment is begun to reach the actual peak heat flux value for nucleate pool boiling, particularly for the smallest wire.
RESULTS AND DISCUSSION
In Figs increasing heating voltage, and the dashed arrow corresponds to decreasing heating voltage. Generally, four modes are observed: single-phase natural convection, nucleate pool boiling, film pool boiling, and two-mode transitional pool boiling (in which nucleate and film pool boiling co-exist on the same wire) (Lee and Lu, 1992; Zhao et al., 2008a) .
First, it is evident that the fully developed nucleate boiling region on a small wire becomes narrow. The same trend is observed for the gap between CHF and MHF. In the present work with FC-72, however, even in saturated pool boiling on the smallest wire-d = 25 µm or, equivalently R = 0.017. That is, the gap still exists, and so no direct transition from single-phase natural convection to film pool boiling occurs.
The dependencies of CHF on subcooling are shown in Fig. 8 . Predictions by some common correlations are also plotted for comparison. Relatively little deviation can be observed between the present experimental data and the predictions. Linear CHF dependencies on subcooling are exhibited at a small Jakob number (Ja ≯ 30 for the two thicker wires and Ja ≯ 40 for the thinner wire); a slower increase occurs for larger numbers. The trends are similar to those observed by Elkassabgi and Lienhard (1988) , but are contrary to those observed by Fukuda and Sakurai (2002) . Furthermore, these dependencies agree with each other for the two thicker wires but a slight difference for the thinnest wire can be observed, indicating that some scaling effect exists for the small Bond number. In other words, interactions between the influences of subcooling and size on CHF are important for small Bond numbers.
CHF scaling in FC-72 pool boiling on platinum wires with different diameters in a saturated condition is shown in Fig. 9 , with experimental data obtained by other researchers plotted for comparison. Satisfactory agreement for the two thicker wires is evident, but slightly higher values are obtained in the present study for the thinnest wire. All data points, however, locate in Range IV (R > R 3 ), which can be predicted by hydrodynamic theories with some modifications of the heater size effect (Lienhard and Dhir, 1973; You et al., 1994) . A much smaller characteristic value, R 3 ≈ 0.015, can be obtained for FC-72 based on the data presented in Fig. 9 .
Some typical pool-boiling curves for acetone on thin platinum wires with different diameters are shown in Figs. 10-12 at different subcoolings. As for FC-72, transitions between different modes are marked out with arrows. Four modes-single-phase natural convection, nucleate pool boiling, film pool boiling, and two-mode transitional pool boiling-are observed. It is, obvious, however, that the branch of single-phase natural convection intersects that of film boiling for the two thicker wires, and then a direct transition from single-phase natural convection to two-mode transitional pool boiling may occur in some runs. The same behaviors were observed by Bakhru and Lienhard (1972) . This shows an evident difference between the case of acetone and that of FC-72.
Nonetheless, hysteresis still exists for all cases of acetone, particularly when the increase in heating voltage between adjacent steps is reduced. For clarity, boiling curves at the subcooling of 5 K are shown in Figs examples. It is clear that, for the two thicker wires, the heat transfer mode can change directly from single-phase natural convection to two-mode transitional pool boiling with a larger increase in heating voltage between adjacent steps during the first increase stage. However, by carefully adjusting this increase during the second increase stage, normal transitions can be observed from single-phase natural convection to nucleate pool boiling and from nucleate to film pool boiling with an increase in heat flux. The corresponding branches match with great satisfaction (Figs. 13  and 14) .
In contrast, in the case of the thinnest wire, there is an obvious gap between the single-phase natural convection branch and the branches of two-mode transitional boiling and film pool boiling (Fig. 15) . Thus, normal transitions can always be observed from single-phase natural convection to nucleate pool boiling and from nucleate to two-mode
FIG. 13:
Transitions between different modes of acetone on a platinum wire with a diameter of 0.1 mm at 5-K subcooling.
FIG. 14:
Transitions between different modes of acetone on a platinum wire with a diameter of 0.06 mm at 5-K subcooling.
transitional pool boiling and ultimately to film pool boiling with an increase in heat flux. Furthermore, there is no peak heat flux in the boiling curve. The two-mode transitional pool boiling branch bridges directly to the nucleate and film pool boiling branches. This behavior was observed by Bakhru and Lienhard (1972) as well.
The dependencies of CHF on subcooling in the acetone pool boiling are shown in Fig. 16 . Predictions by some common correlations are plotted for comparison. Unlike the case of FC-72, large deviations can be observed between the experimental data and the predictions. Furthermore, a much smaller threshold, nearly Ja ≈ 15, can be observed for the linear dependencies of CHF on subcooling for the two thicker wires, while a similar threshold of Ja ≈ 40 is observed for the thinnest wire, as in the FC-72 case. Compared with the case of FC-72, a more obvious difference in the dependencies of CHF on subcooling for the thinnest wire can be observed from the dependencies for the two thicker ones, which agree with each other. Thus, interactions between the influences of subcooling and size on CHF may be important for a small Bond number in the case of acetone as well as that of FC-72.
CHF scaling in acetone pool boiling on platinum wires with different diameters in a saturated condition is shown in Fig. 17 , where experimental data obtained by others are plotted for comparison. Compared with those reported in the literature, the present data have a relatively smaller value for the dimensionless radius R . It is shown that the present data points for acetone may locate in Range II (R 1 < R < R 2 ) and that two characteristic values, R 2 ≈ 0.03
FIG. 17:
Scaling of CHF in saturated pool boiling of acetone.
and R 3 ≈ 0.15, can be obtained for acetone based on the data presented in Fig. 17 . These values approximate those proposed by Lienhard and Dhir (1973) and Mohan Rao and Andrews (1976) .
It should be pointed out that there is a region of overlapping Bond numbers for FC-72 and acetone in the present work. The different CHF scaling behaviors indicate that a sole parameter of the dimensionless radius or, equivalently, the Bond number, may not be able to adequately scale CHF in the case of a small Bond number for both small cylinder heaters and small gravitational acceleration.
As shown in Fig. 17 , the data points for the thinnest wire may be located, at least phenomenologically, in the region where hydrodynamic theories, with some modifications of heater size effect (Lienhard and Dhir, 1973; You et al., 1994) can be applied. In contrast, the data points for the two thicker wires show an obvious departure from this region. A phenomenological difference in boiling curves in different cases may provide some inspiration. It is evident that the single-phase natural convection branch may intersect with the film boiling branch for the two thicker wires in acetone, whereas an obvious gap exists between these two branches for other wire thicknesses. If nucleate boiling on wires can be considered a superposition of single-phase natural convection and bubbling areas, the transition to film boiling at high heat flux may occur much more easily for the two thicker wires than for wires of other thicknesses in acetone. The gap between the single-phase natural convection branch and the film boiling branch depends on the material properties of the working fluids as well as on characteristic system parameters. Thus, in addition to small Bond numbers, some other parameters may play important roles in the CHF phenomenon.
SUMMARY
CHF is an important topic in the field of boiling, and much progress in this field has been made since the 1950s. The commonly accepted figure for CHF scaling is built on experimental data obtained in normal gravity; however, this figure has received strong challenges from microgravity research. It has been found that CHF on cylinders in microgravity show the same trend as that predicted by the Lienhard-Dhir-Zuber correlation, although the dimensionless radius is extended to more than two orders of magnitude of the correlation's original lower value. New serial CHF experimental data are reported in the present paper for pool boiling of degassed FC-72 and acetone on platinum wires with different diameters at different subcoolings. The findings are as follows:
1. Four modes of heat transfer-single-phase natural convection, nucleate pool boiling, film pool boiling, and two-mode transition pool boiling (in which nucleate and film pool boiling co-exist on the wire)-are observed.
The fully developed nucleate boiling region on thinner wire becomes narrower. The same trend is observed for the gap between CHF and MHF. In the present work, however, even in saturated pool boiling on the thinnest wire (25 µm in diameter), the gap still exists.
2. Different dependencies of CHF on subcooling are observed for FC-72 and acetone, as well for the thinnest wire and the two thicker wires. Relatively little deviation can be observed between the present FC-72 experimental data and the predictions of common correlations in the literature, but there are large deviations in the case of acetone. Linear dependencies of CHF on subcooling are exhibited at a small Jakob number, while slower increases occur for larger numbers. Different thresholds, however, can be observed for the linear dependencies of CHF on subcooling for FC-72 and acetone, as well as for the thinnest wire and the two thicker ones. These observations indicate that there are some scaling effects or interactions between the influences of subcooling and size on CHF for a small Bond number.
3. CHF scaling behaviors in saturated conditions in the cases of FC-72 and acetone show an obvious difference. All FC-72 data points locate in Range IV (R > R 3 ), with a much smaller characteristic value of R 3 ≈ 0.015, whereas all acetone data points locate in Range II (R 1 < R < R 2 ), with two characteristic values of R 2 ≈ 0.03 and R 3 ≈ 0.15.
4. The different scaling behaviors of CHF indicate that the material properties of the working fluid may play an important role in the case of a small Bond number. Furthermore, the interaction between subcooling (or the Jakob number) and wire diameter (or the Bond number) in the case of a small Bond number indicate that some alteration may occur in the mechanism underlying CHF. It is clear that a single parameter-the dimensionless radius or, equivalently, the Bond number-may not be able to adequately scale CHF in the case of a small Bond number for both small cylinder heaters and small gravitational acceleration. There should be some other parameters in addition to the Bond number that play important roles in the CHF phenomenon.
